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Abstract
Ecological processes at the population and community level are often
ignored in biogeochemical models, however, the effects of excluding these
processes at the ecosystem level is uncertain. In this study we analyzed
the set of behaviors that emerge after introducing population and commu-
nity processes into an ecosystem carbon model. We used STANDCARB,
a hybrid model that incorporates population, community, and ecosystem
processes to predict carbon dynamics over time. Our simulations showed
that at the population level, colonization and mortality rates can limit
the maximum biomass achieved during a successional sequence. Specifi-
cally, colonization rates control temporal lags in the initiation of carbon
accumulation, and mortality rates can have important effects on annual
variation in live biomass. At the community level, differences in species
traits and changes in species composition over time introduced significant
changes in carbon dynamics. Species with different set of parameters, such
as growth and mortality rates, introduce patterns of carbon accumulation
that could not be reproduced using a single species with the average of
parameters of multiple species or by simulating the most abundant species
(strategies commonly employed in terrestrial biogeochemical models). We
conclude that omitting population and community processes from biogeo-
chemical models introduces an important source of uncertainty that can
impose important limitations for predictions of future carbon balances.
1 Introduction
Simulation models are a primary tool for the study of the terrestrial carbon
cycle given the complexity and the need for integration in this area of re-
search. In general, there are two main types of models that are commonly
used in terrestrial carbon cycle research, Dynamic Global Vegetation Models
∗321 Richardson Hall, Corvallis, OR 97331, USA. Email: carlos.sierra@oregonstate.edu
1
N
at
ur
e 
Pr
ec
ed
in
gs
 : 
hd
l:1
01
01
/n
pr
e.
20
08
.1
91
8.
1 
: P
os
te
d 
27
 M
ay
 2
00
8
(DGVM) and Terrestrial Biogeochemical Models (TBM). DGVMs are highly-
complex and generally include state-of-the-art representations of main groups
of processes related to plant geography, plant physiology and biogeochemistry,
vegetation dynamics, and biophysics (Prentice et al. 2007). Given their recent
development, complexity, focus on broad scale processes, and large computa-
tional resource requirements, DGVMs are not yet widely used in more local
applications. TBMs have been available to the research community for a longer
time, are less computational intensive and are used in a large number of studies
that address the functioning and structure of the C cycle in forest ecosystems.
Goudriaan et al. (1999) distinguish two types of TBMs: 1) Ecosystem and 2)
Canopy models. Ecosystem models represent the fluxes of energy, water and
basic elements among individual pools such as leaves, stems, litter, and soil,
aggregated at the ecosystem level. Some commonly used ecosystem models are
TEM (Raich et al. 1991, Melillo et al. 1993), CENTURY (Parton et al. 1992),
and CASA (Potter et al. 1998). Canopy- or leaf-based models represent de-
tailed physiological processes at the leaf level that are scaled up directly to the
ecosystem level. Examples of canopy-based models are PnET (Aber and Fed-
erer 1992), BIOME-BGC (Thornton et al. 2002), and 3-PG (Landsberg et al.
2003). A common characteristic of most TBMs is the omission of processes at
the population and community levels.
Research developments during the last decade have led to the recognition
that processes at the leaf or ecosystem levels are not the only ones required
to represent the complex dynamics of ecosystems. Processes at the individual
plant level such as competition, and at the stand level such as gap dynamics
are equally important (Shugart 1998, Steffen et al. 2004). Individual based
models have been used to demonstrate the importance of processes at the pop-
ulation and community level on large-scale ecosystem functioning (Huston and
Smith 1987, Pacala et al. 1996, Shugart 1998, Friend 2001, Moorcroft et al.
2001, Smith et al. 2001). However, despite few exceptions, individual-based
representations have not been widely implemented in TBMs.
Including or not processes at the population and community levels in TBMs
depends on the research objectives. Physiological approaches can adequately
represent short-term ecosystem responses. However, for analysis of long-term
dynamics excluding population and community processes may introduce con-
siderable uncertainty. When excluding population and community dynamics
in TBMs, several assumptions are tacitly made. For population processes it
is assumed that: colonization lags are minimal, and/or variability introduced
by variation in mortality completely dampens as temporal and spatial extent
increases. For community processes it is assumed that either: 1) species are
all similar in terms of ecosystem function, or 2) species have different traits
relevant to ecosystem function, but the mixture of species never changes, or 3)
the mixture of species is changing but their effect on ecosystem function is not
large enough to matter. A substantial body of literature provides evidence to
reject assumptions 1 and 2 (e.g., Tilman 1985, Huston and Smith 1987, Wedin
and Tilman 1990, Huston and Gilbert 1996, Hooper and Vitousek 1997, Chapin
et al. 2000, Guariguata and Ostertag 2001, Loreau et al. 2001, Tilman et al.
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2001, Franklin et al. 2002). Assumption 3 is a matter of the desired resolution
of answers, but arbitrary unless quantified.
In this study we provide a systematic analysis of the consequences of exclud-
ing community and population processes in TBMs. Our main goal is to describe
the main behaviors that emerge after including these processes in an ecosystem
model. This information should be helpful to current users of TBMs that may
not be fully aware of the consequences of scaling solely short term processes
to long term ecosystem dynamics. We address this problem by first reviewing
the population and community processes that might influence dynamics at the
ecosystem level and therefore are relevant to modeling carbon dynamics. We
then incorporate information from a tropical forest into an ecosystem carbon
model to serve as an example test case. For this analysis we used STANDCARB
(Harmon and Domingo 2001), a spatially-explicit hybrid model with features of
gap and ecosystem models. Simulation experiments were then conducted in
which population, community, and ecosystem processes were combined so as to
reveal the underlying system behavior controlled by each.
1.1 Theoretical background
Commonly, TBMs describe in detail physiological processes involved in photo-
synthesis and allocation. Parameters used to model these processes are com-
monly obtained from laboratory experiments and field observations generally at
small spatial and temporal scales (e.g., stomatal conductance measured during
a day). Model predictions, however, are often presented over large areas such as
biomes and for longer time periods, from seasons to millennia. This approach
involves a scaling issue that has to be considered carefully because processes in
intermediate levels of organization are often ignored (cf. Bugmann et al. 2000).
The issue of up-scaling from short-term measurements to long-term predictions
has been discussed with some detail elsewhere (Levin et al. 1997, Harvey 2000,
Reynolds et al. 2001, Bonan et al. 2002, Moorcroft 2006), whereas the omis-
sion of processes in intermediate levels of organization such as populations and
communities has been less studied (however see Moorcroft et al. 2001, Smith et
al. 2001).
1.1.1 Effects of species traits and population dynamics on ecosystem
processes
Forests contain populations of tree species which differ in attributes such as light
requirements for establishment and growth, capacity to fix nitrogen, life span,
maximum height, etc. Population dynamics quantify the change in the numbers
of individuals of a single species over time (Silvertown and Charlesworth 2001),
and are mainly determined by the number of births and deaths, which in turn
can be influenced by climate, soil, pollinators, seed dispersers, the density of the
population itself (intra-specific competition), and the density of populations of
other species (inter-specific competition) (Silvertown and Charlesworth 2001).
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Plant populations are generally regulated by density-dependent processes
that directly control mortality and colonization rates (Crawley 1990, Silver-
town and Charlesworth 2001). Contrary to the common assumption in many
ecosystem models, mortality and colonization are not constant, time-invariant
processes (Crawley 1990). Mortality is a discrete process involving individu-
als that contributes to maintain an important level of spatial heterogeneity by
creating gaps. In forests, colonization is also a very episodic process highly as-
sociated with space availability, which in turn is regulated by mortality. The
interaction of these two processes introduces spatial and temporal variation that
can potentially propagate to carbon fluxes at the ecosystem level.
Populations of different species often differ in traits that may have implica-
tions for ecosystem processes. For example, nitrogen fixers play an important
role in the supply of nitrogen to ecosystems (Vitousek and Field 1999), how-
ever, the total supply of nitrogen will largely depend on the relative abundance
of N-fixers relative to the other species present. Given these differences, individ-
ual plant species can potentially affect ecosystem properties and processes such
as soil chemistry and structure, primary productivity and evapotranspiration,
and fluxes of trace gases (Huston and Gilbert 1996). It has been hypothesized
that both, species identity and species number strongly affect the productivity
of ecosystems (Loreau et al. 2001). In some ecosystems, high productivity is
found where one or two species are dominant (Huston 1979, Huston and Gilbert
1996). Conversely, manipulative experiments in grasslands have found that
species richness is positively correlated with total biomass (Loreau et al. 2001).
It also has been hypothesized that species number is correlated with ecosystem
stability (Tilman 1996, McCann 2000). It is important to note that most of
the experimentally-based research developed in this topic has been conducted
in grasslands (Sala et al. 1996, Hector et al. 1999, Tilman et al. 2001) where
manipulating diversity is relatively easy compared to forests. A larger diversity
in functional attributes can be found in forest ecosystems, but little is know ex-
perimentally about the relationship between diversity and ecosystem function
in these systems.
1.1.2 Role of community processes in influencing ecosystem pro-
cesses
Populations of different species coexisting within an ecosystem define a com-
munity (Chapin et al. 2002). The process of succession is characterized by
a relatively continuous replacement of populations (i.e., community dynamics)
with different ecological traits. Contrary to changes in species composition, the
sequence of processes during succession, as well as changes in general aspects
of structure, are quite predictable (Peet 1992, Guariguata and Ostertag 2001,
Rees et al. 2001, Franklin et al. 2002). For example, after the abandonment of
agricultural lands in the tropics, light demanding species such as herbs, grasses
and ferns are the first colonizers persisting for the first one to five years. Short-
lived pioneers, commonly N-fixing legumes, replace the initial colonizers. After
5-20 years the short-lived pioneers are gradually replaced by long-lived pioneers
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and shade-tolerant tree species (Guariguata and Ostertag 2001). These differ-
ent groups of species have different traits that can potentially influence the C
flux within the ecosystem. For example, short-lived pioneers often have low
wood density, high mortality, and short life-span, which affect the amount of
C that can be accumulated and released during the first stages of succession
(approximately the first 10 years). Shade tolerant species show a contrasting
behavior, accumulating C at a slower rate and also releasing it more slowly
during the decomposition process. Thus, community dynamics may involve a
variety of changes in processes that have relevance in controlling the rates of
carbon accumulation and release in forest ecosystems.
2 Methods
2.1 Description of the model
The STANDCARB model simulates living and dead C pools of forest stands
and has been used to predict effects of land cover change, rotation length, tree
utilization level, and forest management on C stores (Harmon and Marks 2002).
It also has been used to simulate the effects of light limitations and wind-induced
mortality on C stocks (Smithwick et al. 2003), and estimate C fluxes in the
Pacific Northwest (Cohen et al. 1996). With this model it is possible to examine
the effects of climate, tree species, succession, wildfire, timber harvest, site
preparation, and regeneration on carbon dynamics. Calculations are made over
a grid of cells to simulate interactions between trees such as competition for
light, implemented similarly as in the ZELIG model (Urban et al. 1991). Each
cell can be colonized by 4 different layers of plants: herbs, shrubs, lower trees,
and upper trees. The former tree layer represents advanced regeneration and
the latter dominant trees. Live pools are divided in seven parts within each layer
and six dead pools are derived from the live parts (Harmon and Marks 2002).
Dead pools in turn form three stable pools derived from decomposing foliage,
wood, or belowground plant parts. Forest processes are simulated through 12
major modules (Table 1). The model outputs total live biomass for individual
species populations and for the community, as well as total carbon stocks for
the stand.
2.2 Parameterization
Parameter values for the model were estimated from a mature tropical forest
of the Porce region of Colombia (Sierra et al. 2007). Five functional groups of
trees were simulated in this study: early successional, late successional, legumes,
palms, and gap species. The rationale for the selection of these groups was that
each has different traits associated with different ecosystem processes relevant
to carbon dynamics (Table 2). Parameter values for each group are presented
in Table 3.
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Table 1. Ecosystem processes simulated by the 12 modules of STANDCARB.
Module name Processes simulated
PLANT and DIEOUT Species recruitment, replacement
and colonization.
GROWTH Growth of living parts.
MORTALITY Rate of detritus production.
DECOMPOSE Net C balance in detritus pools.
SPROUT Individual regeneration from tree
sprout.
NEIGHBOR Light environment of a cell and the
interaction with neighbors.
SOIL TEXTURE Effects of soil texture, depth, and
rockiness on water holding capacity.
CLIMATE Effects of temperature, precipita-
tion, and radiation on growth, mor-
tality, and decay.
HARVEST, BURNKILL, and
SITEPREP
Effects of silvicultural treatments,
harvest or fire on the living and dead
pools.
2.3 Simulations
2.3.1 Population processes
A set of simulations were designed to examine the effects of colonization and
mortality rates on total live biomass. A sensitivity analysis was performed at
different values of the colonization and mortality rates. Rates of colonization
used were 1.0, 0.5, 0.1, 0.05, and 0.01 per year; which corresponds to a range
of 95% colonization of one to 300 years. Mortality rates were 0.01, 0.02, 0.04,
and 0.06 per year; which corresponds to a maximum range in life-span of 50
to 300 years. Either an early or a late successional species were used in each
simulation (Table 3). For the late successional species we assumed that it can
regenerate under itself as well as under high light levels. We made this change
because using the actual parameters for regeneration (Table 3) this population
would not establish on its own.
Two different types of mortality rates were evaluated. In a first set of tests,
mortality was simulated as a constant rate for each year which assumed that the
population can replace live carbon that was lost within a year. In the second set
of tests, mortality was simulated as a variable stochastic process which averaged
the constant mortality rate, but varied to acknowledge that this process varies
spatially and temporally. This stochastic mortality is analogous to single-tree
gap processes.
The degree of variation introduced by spatial variability in mortality is likely
influenced by the relative size of the cells to the stands extent (Turner et al.
1993). We therefore tested the effect of the spatial extent simulated on the
degree of variation that can be obtained for total biomass of each population.
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Table 2. Species groups used in the simulations
and some relevant characteristics to carbon dynamics.
Group Characteristics Effects on C dy-
namics
Some species com-
mon in study area
Early succes-
sional
Can colonize min-
eral soils, high
abundance, shade
intolerant, short
lived, fast growing.
High growth rates
and turnover, low
litter quality.
Pipper spp., Helio-
carpus americanus,
Myrsine spp., Vis-
mia spp.
Legumes Often dominant
plant family. High
N concentrations in
litter.
High litter produc-
tion and decompo-
sition rates.
Enterollobium
schomburgkii, Inga
spp., Pithecel-
lobium jupumba,
Acacia spp.
Palms Voluminous, high
lignin content in
litter.
High C:N ratios,
slow decomposition
rates.
Oenocarpus bataua,
Euterpe precatoria,
Bactris sp.
Late succes-
sional
Dominant plant
form. Shade tol-
erant, long-lived
but may be fast
growing.
High litter produc-
tion, high longevity,
diverse litter qual-
ity.
Cedrela odorota,
Cordia bicolor,
Xilopia sericea,
Alchornea mega-
phylla, Anacardium
excelsum, Nectan-
dra sp., Ocotea
guianensis, Pachira
sp.
Gap species Colonize small
gaps. Shade intol-
erants, short lived,
fast growing.
High turnover, low
quality litter.
Didymopanax
morototoni, Byr-
sonima arthropoda,
Pouruma sp.
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Table 3. Parameters used for the five functional groups sim-
ulated. All parameters dimensionless, unless units provided.
Early Late Gap
successional successional Legumes Palms species
Recruitment parameters
Light maxa 1.00 0.90 1.00 0.80 0.95
Light mina 0.90 0.20 0.20 0.20 0.80
Water pot. max
(MPa)b
3.50 3.50 3.50 3.00 1.50
Water pot. min
(MPa)b
0.05 0.05 0.05 0.05 0.05
Growth parameters
Light compensation
point (%)c
20 5 15 15 10
Foliage prod. rate
maxd
1.0 0.8 1.0 0.8 1.0
Mortality
Max mortality rate
(yr−1)e
0.08 0.04 0.08 0.03 0.09
Max age (yr)f 250 500 300 500 100
Decomposition
k foliageg 0.60 0.40 0.99 0.30 0.99
k fine rootsg 0.65 0.45 0.99 0.30 0.99
k coarse rootsg 0.35 0.30 0.70 0.30 0.70
k sapwoodg 0.40 0.30 0.70 0.25 0.70
k heartwoodg 0.35 0.28 0.55 0.20 0.55
k branchg 0.50 0.40 0.80 0.20 0.80
a The maximum and minimum amount of light a species can establish under (percent of full sunlight).
b Minimum and maximum water potential under which a tree species can establish itself.
c Light compensation point for a species of tree or understory layer
d Maximum rate of foliage production. It is the rate leaves of a species can create more foliage.
e mortality rate of a tree species when the maximum amount of light is absorbed.
f The maximum age of the tree species.
g Pool decay rate for a species or understory layer at 10 C and optimum moisture conditions.
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Simulations for the early and late successional species were performed at grid
sizes of 7x7, 10x10, 15x15, 20x20, and 25x25 cells. Variation was assessed using
a spectral density graph to visually assess changes in variance at a wide range
of frequencies (Shugart 1984).
We tested the effect of initial foliage mass on creating temporal lags for
regeneration. Ecosystem models can produce lags as a result of low initial
foliage mass or leaf area that are not associated with population processes. We
contrasted the effects of colonization with the effects of ecosystem process on
creating temporal lags by running simulations with initial foliage mass at values
of 0.1, 0.5, 1, 5, and 7 Mg C ha−1 and assuming a colonization rate of 1.0
yr−1. The latter foliage mass was close to the maximum that was observed in
the simulations and thus represented the case with no lag caused by low initial
foliage mass.
2.3.2 Community processes
A set of simulations were performed to analyze the effect of community-related
parameters on total live biomass and total carbon stores. In one set of simula-
tions we tested the effects of regeneration-related parameters on the successional
behavior of two coexisting species. Specifically, the parameters determining the
range of light requirements for regeneration of each species were varied in these
set of simulations (Table 3). Light requirement for regeneration was partitioned
between the two species, allowing each species to regenerate only under a spe-
cific range. One of the species was allowed to regenerate only between 100%
available light and an intermediate point which we called the light overlap point
(LOP). The other species was allowed to regenerate in a range between the
LOP and 20% available light. The analysis was performed for LOPs of 90, and
80% available light. For this set of simulations all parameters were the same
for the two species, except for the light requirement range. In another set of
simulations, the same analysis was performed but using parameters specific to
the early and the late successional species (Table 3).
The effect of cell size on light availability for regeneration was studied in
a different set of simulations. Interaction between cells is caused by shading,
which depends on the height of trees in neighboring cells (i.e., shading decreases
as cell width increases for a given tree height). Simulations at cell widths of 10,
15, 17, 20, and 25 m were performed. Effects of cell width were compared for
live biomass and its variability.
2.3.3 Ecosystem processes
In these set of tests we evaluated the effect of differences in growth and decom-
position parameters for two species that were similar regarding colonization,
light requirements, and mortality. First we simulated two species with identical
parameters, and then we changed growth- and decomposition-related parame-
ters. For the latter test we assigned each species the parameters of growth and
decomposition rates that correspond either to the early or the late successional
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species (Table 3). The effect of changes in growth and decomposition were
evaluated on total live biomass and total carbon stores.
In another related test, the five groups of species considered in this study (Ta-
ble 3) were simulated independently, assuming that each group can regenerate
by itself with no limitations with respect to light. From this set of simulations
it is possible to observe the effect of differences in species parameters on the
overall carbon budget over time.
2.3.4 Integration of population-community-ecosystem processes
In a first set of simulation experiments examining the interactions of the three
levels of processes, we used the results from the first set of ecosystem process
tests and introduced changes in light requirements of the two test species, so that
community dynamics were incorporated. Then we simulated the two species
with differences in their ecosystem-, community-, and population-related pa-
rameters to see if a different pattern of carbon accumulation was produced after
introducing these processes.
In a second set of simulation experiments, we used the five functional types
present in our test-case tropical forest to test for the effects of population and
community processes on ecosystem carbon stores. First, we simulated the hy-
pothetical tropical forests having the five groups of species with differences in
population and community processes, but not ecosystem processes. Then, we
excluded population processes by having the same colonization and mortality
rates for all species. Similarly, we excluded community processes by allowing
all species to regenerate when available light ranged from 100 to 20%.
In a third set of experiments we asked whether or not the patterns simulated
with five distinct groups of interacting species could be reproduced using a single
dominant species parameters or averages of the parameters from all species.
To perform this test we compared simulations having multiple species with
simulations containing one dominant species or by having one species with the
average of the parameters from the multi-species simulation (for convenience we
will refer to this species as a standard species hereafter). We used the single-
species simulations described in the Ecosystem process section (item 2.3.3 above)
for the late successional and the legume groups because these are the two species
most abundant in our forest.
All simulations were performed for 1000 years using a grid of 20 x 20 cells
with a cell width of 17 m, except for those special cases described above. Each
simulation was replicated 5 times and unless stated otherwise the average for
each year was reported. We performed all simulations as a secondary succession
with no vegetation and slash from previous use and assumed an initial carbon
store in soils of 228 Mg C ha−1, which corresponds to measurements in the
study site reported in Sierra et al. (2007).
Comparisons of model outputs were made on total live biomass by species
(Mg C ha−1), total live biomass of all tree species (Mg C ha−1), total carbon
stores (live, dead, and stable pools) in the ecosystem (Mg C ha−1), and annual
changes in carbon stores (∆C/∆t in Mg C ha−1 yr−1). Given that the term
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∆C/∆t represents annual net carbon fluxes, it is somewhat equivalent to Net
Ecosystem Carbon Balance (NECB) (Chapin et al. 2006) assuming lateral C
transfers and emissions of CO, VOC and CH4 are negligible.
3 Results
3.1 Population processes
The set of simulations with constant mortality rates (Figures 1 and 2) showed
that changes in colonization rates introduced temporal lags in the accumulation
of carbon in live biomass. For the early successional species, the colonization
rates had direct effects on the maximum biomass (i.e., steady-state store) that
can be achieved, with a marked decrease as colonization rate dropped below 0.05
per year (Figure 1). However, the maximum biomass of the late successional
population was not affected by colonization rates (Figure 2). Mortality rates
also affected the live carbon steady-state store in the two populations simulated,
with a decrease as mortality rate increased.
Representing mortality as a stochastic process that simulates single-tree
deaths introduced an important level of variability in live carbon (Figures 3
and 4). In addition to causing a temporal lag in live carbon accumulation, colo-
nization rates interacted with mortality to affect the variance of the population
dynamics. This was particularly evident when the colonization rate dropped be-
low 0.1 per year. The interaction of these two processes was more pronounced
for the early successional species than for the late successional species, causing
pronounced cycles. This was due to the greater restrictions in light require-
ments for the early successional species which allowed regeneration to interact
with colonization rates. It is also clear that variability qualitatively changes
the behavior of the late successional species, as colonization rate did limit the
steady-state biomass predicted.
We found that the number of cells simulated had an important effect on
the short term variability observed in the previous tests. Increases in grid size
reduced the inter-annual variability for periods lower than 10 years (Figure 5).
However, the variation at cycles longer than 10 years observed for both species
was not influenced by grid size and does not appear to dampen out nearly as
much as spatial extent increases.
Initial foliage mass influenced temporal lags for the early and late succes-
sional species (Figure 6). These lags were between 5 and 10 years in a range of
foliage mass between 0.1 and 1.0 Mg C ha−1. Temporal lags can be more eas-
ily observed using the second derivative (i.e., second-order difference equation)
of the biomass accumulation function (Figure 6), as the inflection point of the
curve that occurs when the second derivative changes from negative to positive
values. For values of foliage mass above 5 Mg C ha−1 our simulations did not
show lags for the two species, suggesting that this amount of foliage can produce
nearly the maximum amount of live biomass at these ages. Regeneration lags
observed as an effect of colonization rates were usually between 7 and 20 years.
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Figure 1: Live biomass of an early successional species at different colonization
(C) and mortality (M) rates. Each line represents a different simulation. In this
set of simulations mortality rates were constant over time.
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Figure 2: Live biomass of a late successional species at different colonization
(C) and mortality (M) rates. Each line represents a different simulation. In this
set of simulations mortality rates were constant over time.
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Figure 3: Live biomass of an early successional species at different colonization
(C) and mortality (M) rates. Each line represents a different simulation. In
this set of simulations mortality rates were variable over time, but averaged the
same as the constant rate used in Figure 1.
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Figure 4: Live biomass of a late successional species at different colonization
(C) and mortality (M) rates. Each lines represents a different simulation. In
this set of simulations mortality rates are variable over time but averaged the
same as the constant rate used in Figure 2.
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These results suggest that population processes can introduce regeneration lags
larger than lags associated with low initial foliage mass.
3.2 Community processes
The range of available light in which species can regenerate and establish had
important effects on the relative abundance of the biomass of each species during
a successional sequence (Figure 7a,b). The different ranges of light requirements
simulated, produced different successional behaviors. With a LOP of 0.9 one
species dominated initially and then was replaced by the other species as in a
classical successional replacement (Figure 7a). With a LOP of 0.8 one species
dominated during the entire successional sequence coexisting with a late succes-
sional species (Figure 7b). These behaviors resulted from changes in the light
environment over time. Because population- and ecosystem-related parameters
of the two species were the same in this set of simulations, total live biomass
of the community did not show important differences during the successional
sequence (Figure 7c).
The simulation using different ecosystem parameters for the early and late
successional species also showed different successional behaviors at difference
values of LOPs (Figure 7e,f). Differences in total live biomass, total carbon
stores, and ∆C/∆t were observed from these simulations as a consequence of
differences in species parameters (Figure 7g,h,i). For example, when LOP was
0.9 there was 50% more live, and 60% more total carbon stores than when
LOP was 0.8. Moreover, when LOP was 0.9 there was a longer period when
∆C/∆t was positive (carbon sink). However, when LOP was 0.9 there was also
an eventual decrease in total carbon stores with ∆C/∆t being mostly negative
(carbon source) once the simulation reached 800 years (Figure 7i).
In the STANDCARB model, competition for light is controlled in part by
the size of the cells being simulated. We found that as cell width increased total
biomass increased and variability associated with competition decreased (Figure
8). Given a fixed maximum tree height, as cell width increases the amount of
light that can enter a cell increases and the proportion of edge to interior of
each cell decreases. This causes competition between cells to decrease, which in
turn causes live biomass to be higher for each cell. The variation of live biomass
over time tends to decrease with increases in cell width (Figure 8), which can
be explained by the reduction of interacting area between cells.
3.3 Ecosystem processes
Differences in growth rates between the two species led to a 4 fold increase in live
biomass of the late successional species relative to the early successional (Figure
9a,b). These differences caused by changes in growth rates were propagated to
total live biomass and total carbon stores, with the presence of two species with
different growth rates causing a faster increase and ultimately greater store of
carbon (Figure 9c,d). As expected, differences in decomposition rates between
the two species were not associated with differences in total live biomass (Figure
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Figure 5: Effect of different grid sizes (7x7, 10x10, 15x15, 20x20, and 25x25
cells) on the variability of live biomass for an early (left panels) and a late
(right panels) successional species with colonization rate of 0.05 and mortality
rate of 0.02. The lower panels show the spectral density for the grid sizes of 7x7
(continuous line) and 25x25 (dotted line).
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Figure 6: Effect of initial foliage mass on live biomass of an early (a) and a late
(c) successional species. Simulations for initial foliage mass of 0.1, 0.5, 1, 5 and
7 Mg C ha−1 and colonization rate of 1.0. Second derivatives of the biomass
accumulation curves for the early (b) and late (d) successional species are shown
at the right side. The change from positive to negative of the derivative curves
denotes the lag for regeneration which corresponds mathematically with the
inflection point of the curve.
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Figure 7: . Results from community process tests. a) Live biomass in simula-
tions with an early and a late successional species at LOP = 0.9 with the same
parameter values for both species. b) Live biomass in simulations with an early
and a late successional species at LOP = 0.8 with the same parameter values
for both species. c) Total live biomass for the simulations in a and b. d) Total
carbon stores for the simulations in a and b. e) Live biomass in simulations with
an early and a late successional species at LOP = 0.9 with parameter values,
except light requirements, as in Table 3. f) Live biomass in simulations with an
early and a late successional species at LOP = 0.8 with parameter values, except
light requirements, as in Table 3. g) Total live biomass for the simulations in e
and f. h) Total carbon stores for the simulations in e and f. i) ∆C/∆t for the
simulations represented in e and f.
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Figure 8: Effect of different cell widths (10, 15, 17, 20, 25 m) on the variability
of live biomass for an early (left panels) and a late (right panels) successional
species with colonization rate of 0.05 and mortality rate of 0.02. The lower
panels show the spectral density for the cell widths of 10 m (continuous line)
and 25 m (dotted line).
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9c), but important differences in total carbon stores were observed (Figure 9d).
Specifically, the presence of two species with different decomposition rates lead
to a 75% increase in total carbon stores at steady-state.
Differences in ecosystem parameters of the five groups of species consid-
ered in this study resulted in different steady-state solutions for the different
ecosystem pools (Table 4). In this set of simulations the species were simu-
lated independently so the only effects of competition were intra-specific. The
largest live biomass was obtained with the group of late successional species
as a result of its higher growth rates. However, high growth rates were not
necessarily associated with high carbon accumulation in the ecosystem. The
largest total carbon stores were observed for the palm group due the effect of
the low decomposition rates that causes large accumulation of carbon in the
stable pool. Differences in species decomposition rates were the main drivers of
the different trajectories of carbon accumulation in the dead and stable pools
among simulations.
3.4 Integration of ecosystem-community-population pro-
cesses
The introduction of differences in light requirements for regeneration in the
ecosystem-process simulations generated different patterns of successional re-
placement depending on the ecosystem parameters changed (Figure 10a,b). Dif-
ferences in decomposition rates between the species did not have an effect on
live biomass as growth rates were the same (Figure 10b). In contrast, differ-
ences in growth rates affected live biomass of the two species because the late
successional species had a higher growth rate and subsequently higher biomass.
Moreover, the shift in biomass from early to late successional species was earlier
when growth rates differed.
The replacement of species with different growth rates generated a temporal
pattern that differs from the simulation that assumed no differences in light
requirements (Figure 10c). Because the early successional species had a lower
growth rate than the late successional species, total live biomass and total car-
bon stores were lower during the first stages of succession and became higher
in later stages, in comparison to the simulation where there was no differences
in light requirements. The same pattern was observed in total carbon stores
for the interaction between light requirements and decomposition rates (Figure
10d), which caused a small but noticeable increase in ∆C/∆t from 300 to 700
years in the simulation (Figure 10f).
Introducing an interaction between the different community- and population-
related parameters to the previous simulation showed important effects on tem-
poral patterns of total live biomass and total carbon stores accumulation (Figure
10g,h). The effects of these interactions were more pronounced for total car-
bon stores because the effect of differing decomposition rates. As shown in
the previous set of simulations, decomposition rates had no effect on total live
biomass, but had an important effect on total carbon stores. For this reason
there were not significant differences in live biomass between the simulation
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Figure 9: Results from ecosystem process tests. a) Live biomass of an early
and late successional species with the same ecosystem parameters. b) Live
biomass of an early and late successional species with different growth rates, c)
Total live biomass of simulations containing two similar species, a simulation
containing two species differing in growth rates, and a simulation containing two
similar species with different decay rates. d) Total carbon stores of a simulation
containing two similar species, a simulation containing two species differing in
growth rates, and a simulation containing two different species with different
decay rates.
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containing different light and growth parameters than with the simulation con-
taining different light, growth, and decomposition parameters. However, the
simulations with an interaction of decomposition and growth rates showed that
growth rates can limit the amount of C that can be transferred to the dead
pools and thus limit the amount of carbon that can be accumulated, with a
27% reduction in total carbon stores when this interaction was present (Figure
10h). The introduction of different mortality rates affected the live pools by
limiting the biomass that can be attained, reducing it 7%, but had little effect
on total carbon stores because its primary effect is to transfer C from the live
pools to the dead pools.
Simulations of a hypothetical tropical forest with five interacting species
groups showed that the exclusion of population and community processes led to
different combinations of species biomass (Figure 11). Removing differences in
mortality rate among species increased the competitive abilities of the gap group
increasing its lifespan and giving it a competitive advantage over the legumes.
The similarity of light requirements in the simulation with all species with the
same community-related parameters gave a competitive advantage to the palm
group, which has high potential for biomass accumulation over all groups except
late successionals; however, when differences in light requirements were added
the regeneration of palms and their abundance was limited. Although no im-
portant differences were observed in total live biomass for this set of simulation
experiments, differences in total carbon stores were observed with the simula-
tions including different population and community-related parameters being
bracketed by those without differences in those parameters (Figure 12). These
differences are mainly associated with differences in decomposition rates of the
species simulated. For example, the increase in the abundance of palms in the
simulation with similar light requirements was associated with an increase in to-
tal carbon stores due to the low decomposition rates of this group. Conversely,
the increase in gap species when mortality rates were similar among species led
to higher decomposition rates and a decrease in total carbon stores.
Single-species simulations using the more abundant species from a five-
species simulation, did not match the behavior of total live biomass and total
carbon stores of the multi-species simulation (Figure 13). Nor did the results
obtained with a single standard species simulation. None of these simulations
were able to adequately represent the behavior produced by multiple species
interacting with each other. The simulation using parameters for the late suc-
cessional species showed the largest values of total live biomass and total carbon
stores, as a consequence of its higher growth and slower decomposition rates.
In contrast, the simulation with the parameters for the legume species showed a
declining pattern of carbon stores over time as a consequence of its higher than
average decomposition rates. The simulation with the standard species showed
20% lower total live biomass and 10% lower total carbon stores than the simu-
lation having the 5 interacting species. Differences in the rates of accumulation
of total biomass and total carbon stores between simulations can be easily seen
in relative terms (Figure 13b,d), especially for the initial stages of succession.
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Figure 10: Test results of simulations integrating population, community and
ecosystem processes. a) Live biomass of an early and late successional species
with all parameters equal except for their growth rates and light requirements,
b) live biomass of two species with same parameter values except for decay
rates and light requirements. c) total live biomass of a simulation with two
species having the same parameters except for growth rates, and a simulation
with two species having same parameters except for growth rates and light
requirements. d) total carbon stores for simulations in c, e) total carbon stores
for simulations of two species having the same parameters except for decay
rates and a simulation having the same parameters except for decay rates and
light requirements, f) ∆C/∆t for simulations in e, g) Total live biomass of
simulations with: different decomposition rates and light requirements (Light-
Decay); different growth rates and light requirements (Light Growth); different
growth and decomposition rates, and light requirements (Light-Growth-Decay);
and different rates of growth, decomposition, mortality, and light requirements
(Light-Growth-Decay-Mortality). h) Total carbon stores for the simulation in
g.
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Figure 11: Simulations for a hypothetical tropical forest with five different func-
tional groups. a) All parameters for the five groups are different. b) population-
related parameters, i.e. mortality and colonization rates, were similar. c)
Community-related parameters, i.e. light requirements, were all the same.
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Figure 12: Total live biomass (a) and total carbon stores (b) for a hypothetical
tropical forest with assumptions on the parameters as in Figure 11. In the ’all
parameters different’ simulation all parameters were different for all species. In
the ’Same community parameters’ simulation, community-related parameters
were similar for all species. In the ’Same population parameters’ simulation,
population-related parameters were equal for all species.
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Figure 13: Total live biomass in absolute units (a) and relative to the steady-
state store (b), and total carbon stores in absolute units (c) and relative to
the maximum total store (d), in simulations containing five different functional
groups (5 spp), the average of the parameters from the five groups simulation
(Standard), only the late successional species (Only late), and only the legume
species (Only legume).
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4 Discussion
Models that explicitly address population and community processes are com-
monly known as gap or patch models, and are often derived from the JABOWA
model (Botkin et al. 1972, Shugart 1984, Bugmann 2001, Shugart 2002). These
models simulate the dynamics of a forest by following the fate of individual
trees in a stand. Huston and Smith (1987) have shown that by using the indi-
vidualistic approach of gap models a complex variety of successional patterns
can be predicted. These models have been used primarily to predict changes
in community structure over time and to assess the effects of climate change
on forest structure. Only a few gap models have been hybridized with ecosys-
tem models to also examine changes in biogeochemical cycles (e.g., LINKAGES:
Post and Pastor 1996, HYBRID: Friend et al. 1997, STANDCARB: Harmon
and Domingo 2001, ED: Moorcroft et al. 2001, MEL: Herbert et al. 2004).
With these hybrid models it is possible to study the effects of population and
community processes on the overall carbon cycle.
We used a hybrid model to examine how population (colonization and mor-
tality) and community processes (succession of species as controlled by light)
potentially influenced carbon stores of a hypothetical tropical forest. It was but
one model and one example; however, we believe that the results may be quite
general, although they certainly need to be examined in other forests and with
other models. Our model did not have nutrient cycling explicitly addressed. So
our conclusions are only valid for systems in which nutrients are not in short
supply or their availability is not greatly changing over time. Therefore, this
analysis most likely pertains to secondary succession with moderate disturbances
(no great level of erosion or extreme burning of slash, etc). While exclusion of
this facet of ecosystems did restrict the types of behavior at ecosystem level
we obtained, they would probably not eliminate the population and community
effects observed.
4.1 Effects of population processes
4.1.1 Temporal lags
In our simulations we found that temporal lags were an important consequence
of including population processes. In forest ecosystems temporal lags can be
controlled by several factors at different levels. The arrival of propagules, the
presence of remnant trees, or the presence of suitable sites can influence the
rate that C accumulates during early stages of succession (Brown and Lugo
1990, Turner et al. 1998, Hughes et al. 1999, Guariguata and Ostertag 2001,
Mesquita et al. 2001). When extremely low probabilities of colonization or low
availability of suitable microsites for regeneration occur the steady-state store
can be limited (Figures 1 through 4). Lags in succession have been observed
in tropical forests of Mexico as an effect of the duration of previous land use
(Hughes et al. 1999). Similarly, lags in successional development had been
observed in the temperate rain forests of the western Cascade mountains in
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comparison to similar forests in the Coast range in Oregon, USA (Yang et al.
2005).
Similarly, there is also a lag in reaching the steady-state C store. That is
known to be related to the rate-constants of the processes controlling losses from
the various pools (Olson 1963). This is an ecosystem-related control. In our
examples, it took between 60 and 120 years to reach the steady-state C store,
depending on the rates simulated. In other systems it might take even longer
(Franklin et al. 2002, Janisch and Harmon 2002).
4.1.2 Mortality and variability
Our simulations showed that mortality is a process that has impacts at the pop-
ulation, community, and ecosystem levels. At the population level, mortality
controls the amount of variability when the forest nears the steady-state. Vari-
ations in our simulations only emerged after the colonization phase has been
completed and the system was approaching its maximum biomass. This behav-
ior was highly dependent on the maximum age that can be reached by each
population and is caused by the fact that the number and size of individuals
dying varies from year to year. As these individuals can not be replaced im-
mediately and it takes some time to replace them in terms of size, the amount
of C stores varies over time, even when forests are old and approximating a
steady-state. Hence, the degree of variability is controlled by the amount of
biomass removed by mortality and the lags in replacing these trees, which is an
interaction between mortality and colonization rates (Figures 3 and 4). Loss of
tree mass is limited by the maximum size of trees which in turn depends on tree
age and reduction of growth by competition. As the extent of a stand increases
one would expect this population induced variability to decrease. However, we
found that the size of the grid had an effect on short-term variability but not
on the long-term variability observed– at least for species with characteristics
similar to the early successional species we examined (Figure 5). This implies
that the assumption that population effects completely average out for large
spatial extents needs to be carefully examined.
At the community level, mortality allows succession to occur. The fact that
trees die allows them to be replaced by different species. Light requirements for
regeneration will determine the probability that a given species will replace a
dead tree from the existing species pool. Depending on the maximum longevity
of the species dying-out, the replacement will occur sooner or later in the suc-
cessional sequence.
At the ecosystem level mortality controls the timing of the C accumulation as
well as the amount and distribution of C between live, dead, and soil pools. At
the ecosystem level there is a small dampening of this population variation effect
on total carbon stores given that higher mortality rates mean less live C but also
increases inputs to the dead C pool, and ultimately to soil. Nonetheless, for the
scales at which net carbon fluxes such as NEP or NEE are usually determined
(from stand to biome level), variability in mortality is likely to introduce a
substantial amount of year to year variability that could be confused with a
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long-term trend if the C balance is not measured for multiple years (Figures
7i and 10f). The ecosystem level control of mortality is often not appreciated,
but one example in North America indicates it can be quite important. In the
Pacific Northwest region of the US, trees live 2-4 times longer than trees in the
Northeast region. Although NPP in these two cool temperate environments
are relatively similar the biomass is over twice as high in the Pacific Northwest
forests, partially as a consequence of this difference in mortality (Waring and
Franklin 1979, Loehle 1988, Turner et al. 1995, Brown and Schroeder 1999, Law
et al. 2004). Similarly, this effect can occur locally. For example, fragmentation
in tropical forests causes edges and small patches that have been associated
with increases in mortality which in turn affects total biomass (Nascimento and
Laurance 2004).
4.2 Effects of community processes
Our results indicate that if all species had similar ecosystem-related parameters,
then the order of species abundance would not influence temporal patterns of
carbon accumulation (Figures 7a through 7d). They also indicate that if the
species abundance did not change over time, the ecosystem-related parameters
could be different, and this would not influence temporal patterns of carbon ac-
cumulation (Figure 9). However, our simulations also showed that when species
had different ecosystem-related parameters and species abundance changed over
succession, the behavior of total carbon stores was very different and more com-
plex than the behavior generated by these two simple assumptions (Figures 10,
11, 12 and 13). There is a wealth of literature that supports the idea that
species have differences in ecosystem related parameters, such as growth, mor-
tality, and decomposition rates (e.g. Lieberman et al. 1985, Korning and Baslev
1994, Cornelissen 1996, Chambers et al. 2000, Rees et al. 2001, Prescott et al.
2004). There is also a large body of literature on forest succession and replace-
ment of species over time (e.g. Saldarriaga et al. 1988, Brown and Lugo 1990,
Peet 1992, Tilman 1993, Guariguata and Ostertag 2001, Franklin et al. 2002).
Therefore the two simple assumptions often tacitly used in ecosystem models are
not strictly valid given our results or the empirical evidence from other studies.
4.3 Interaction among population, community, and ecosys-
tem processes
The simulation experiments that contrasted the simple cases above to the most
likely differences in species in terms of timing and ecosystem-related parameters
showed that while these simple assumptions predicted the overall trend, the in-
clusion of species or groups caused different temporal patterns to occur. These
patterns are relevant to both carbon accumulation and the ∆C/∆t curves (Fig-
ures 7i and 10f). This interaction of processes resulted in systematic changes of
the status of the ecosystem as a C source or sink at long time scales (decadal,
centennial). As shown in our different simulations, parameters that control
population and community dynamics are responsible for the emergence of these
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patterns. For this reason single species simulations are unable to represent these
kinds of trends since it is assumed that either species are similar and/or species
mixtures do not change over time. If these temporal patterns are observed with
field data, they might be incorrectly attributed to an external driver such as
climate or atmospheric CO2 concentrations, when in fact they are caused by
population or community processes.
The single-species simulation approach is also equivalent to the canopy as
big-leaf simplification currently implemented in most canopy-based models and
some DGVMs (Moorcroft 2006, Prentice et al. 2007). Although it has been
known for some time that the big-leaf approach has limitations for predict-
ing complex ecosystem behaviors, it would take some time to implement more
sophisticated approaches in current models. Moorcroft et al. (2001) and Govin-
darajan et al. (2004) had developed sophisticated computational methods re-
quired to scale-up fine scale dynamics to large scale ecosystem processes that
will eventually be incorporated in most TBMs. However, current users of TBMs
need to be aware of the limitations of the big leaf approach and the consequences
of omitting processes at intermediate levels of organization lying between phys-
iology and ecosystems.
4.4 Final remarks
We have explored a set of behaviors that emerged after introducing population
and community processes on temporal patterns of C accumulation. Our results
suggest that these set of emergent behaviors tend to operate at large spatial and
temporal extents, which also suggest that for short-term analysis, population
and community processes may in some cases be ignored. However, omitting
these processes will likely add uncertainty to the results, especially if the spatial
or temporal scale of the analysis is increased to a point where these assumptions
about populations and communities no longer hold. Also, this omission can
potentially limit the scope of inference of current analysis. Given that there
is much pressure to predict the consequences of environmental change on the
carbon balance of forest ecosystems, the type of inferences that can be made
with current models is likely limited.
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